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Description 

BACKGROUND OF THE INVENTION 

This Invention relates to a process and an s 
apparatus of photoelectrocatalytically reducing no- 
ble metals in a nitric acid solution when reproces- 
sing spent radioactive solutions with a semiconduc- 
tor photocatalyst 

A so far known process for reducing a dis- io 
solved substance, for example, metal ions, in a 
solution, by using an action of semiconductor 
photocatalyst is disclosed in JP-A-60-50172, where 
the object of the process is to conduct metaJ plat- 
ing on the surface of a catalyst substrate provided is 
on a thin layer of semiconductor substance, and 
thus oxidation or reduction reaction Is limited to the 
surface of the substrate even if the oxidation or 
reduction is directed to a dissolved substance in a 
solution, and thus the reaction efficiency seems to 20 
be rather low. In case of oxidation or reduction of 
metal Ions in a system containing many ion spe- 
cies, such as solution resulting from spent nuclear 
fuel reprocessing, there is such another problem 
that the reduction efficiency is considerably lower- 25 
ed by formation of reaction-inhibiting substances 
by irradiation with an exciting beam, for example, 
by formation of nitrous acid through decomposition 
of nitric acid. 

Some known examples of using fine particles 30 
of semiconductor photocatalyst such as titanium 
dioxide, have been limited only to decomposition of 
water to produce hydrogen by using a solar beam 
energy, as given In JP-A-57-67002 and 59-203701, 
the latter using methanol as electron donor. Now, 35 
extensive studies have been made on the utilization 
of semiconductor photocatalysts in other fields. In 
the so far known examples, the exciting beams for 
Irradiation are selected on the basis of the band 
gap energy of a semiconductor substance to be 40 
used without taking peculiar light-absorbing char- 
acteristics of the fine particles into account In other 
words, the so far proposed processes have rather a 
low photo energy utilization. 

In a reprocessing process for spent nuclear 45 
fuel discharged from atomic power plants, on the 
other hand, adjustment of the valency of metal ions 
is an important step for separating the nuclear fuel 
substances and various fission products dissolved 
in the nitric acid solution. For example, in separa- 50 
tion of such nuclear fuel substances as U and Pu 
from each other, it is necessary to adjust the 
valency of Pu to a bivalent state in which Pu is 
never extracted into the organic solvent and in this 
connection the tetravalent U is generally used as a 55 
reducing agent, but more than the stoichiometrical 
amount of U is required. This leads to a new 
problem that the isotope composition of U product 
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will be deteriorated. Particularly in case of the 
increased amount of Pu as contained in the spent 
nuclear fuel from a fast breader reactor, the prob- 
lem is quite considerable. 

A reduction process by electrolysis is dis- 
closed in JP-A-4S-23689, but the voltage loss 
through a solution is so large that an overvoltage is 
required, resulting in a poor energy efficiency, and 
also an apparatus for the process will be com- 
plicated and will have a problem in its mainten- 
ance. 

On the other hand, recovery of noble metals 
from a high level reprocessing waste solution has 
been regarded as important from the viewpoint of 
recovery of valuable metaJs, and a process dis- 
closed in Nuclear technology, 65. page 305 (1984) 
seems to be promising, but owing to use of such a 
high temperature as 1 .200 * C. it still has such prob- 
lems as volatilization of ruthenium contained in the 
waste solution and resulting material corrosion, etc. 
Similar problems are also encountered in a step of 
heating a waste solution containing Ru, that is, in a 
concentrating apparatus for the waste solution and 
an evaporating apparatus for the acid recovery, and 
it is desirable to remove Ru from the waste solution 
before the treatment, but no effective process for 
removing Ru has been available yet 

Further, the photoelectrochemical separation of 
metals in solution from other components found 
therein, as for instance in the case of metal recov- 
ery from waste waters is in principle known from 
US-A-4.559.237 which teaches the use of par- 
ticulate semi-conducting photocatalysts in a pro- 
cess where reductive metal deposition (or more 
generally change of metal valency) occurs with the 
help of electromagnetic radiation and dissolved ir- 
reversibly oxidisabie electron donors in the pres- 
ence of the photocatalyst the catalysts including 
Ti02 and WO3. 

SUMMARY OF THE INVENTION 

An object of the present invention is to solve 
the said problems and drastically increase a photo 
reduction efficiency in the photo reduction of noble 
metaJs in a nitric acid solution by a semiconductor* 
photocatalyst which will be hereinafter referred to 
merely as "photocatalyst", by using an exciting 
beam for exciting the photocatalyst, the exciting 
beam having a wavelength equal or approximating 
to the particle size of the photocatalyst but outside 
the absorption wavelength region of a dissolved 
substance capable of producing nitrous ion. 

Said object can be attained, according to the 
present invention, by a process of photoelec- 
trocatalytically reducing noble metals in a nitric 
acid solution when reprocessing spent radioactive 
solutions with a semiconductor photocatalyst under 
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irradiation of die semiconductor photocatalyst with 
an electromagnetic wave, characterized by using a 
particulate semiconductor phatocatalyst as the 
semiconductor photocatalyst and irradiating the 
particulate semiconductor photocatalyst in the nitric 
acid solution with an electromagnetic wave having 
an energy high enough to excite the particulate 
semiconductor photocatalyst in the presence of the 
particulate semiconductor photocatalyst and a 
water-soluble electron acceptor or donor for the 
particulate semiconductor photocatalyst 

it is preferred that said electromagnetic wave 
has a wavelength outside the absorption 
wavelength region of a substance capable of pro- 
ducing nitrous ion and/or a wavelength substantially 
equal to the particle size of the semiconductor 
photocatalyst 

The above object can be attained also, accord- 
ing to the present invention, by an apparatus as 
claimed with claim 8. 

The particulate semiconductor photocatalyst 
will be hereinafter referred to merely as 
"semiconductor photocatalyst". 

First of ail, the basic principle of a process for 
oxidizing or reducing various dissolved substances, 
for example, metal ions or metal complexes, in a 
solution by a semiconductor photocataiyst will be 
described. 

An example of a reduction process will be 
described at first. When a semiconductor sub- 
stance such as titanium oxide (TIO2) is irradiated 
with a beam having a higher energy level than the 
band gap energy level (visible light or ultraviolet 
light), the electrons in the valence band is excited 
into the conduction band, and positive holes are 
formed in the valence band. In a system where the 
semiconductor is in contact with a solution, the 
positive holes and excited electrons formed by the 
beam Irradiation are diffused into the solution, and 
the positive holes give an oxidation action accord- 
ing to the following equation (I), whereas the ex- 
cited electrons give a reduction reaction according 
to the following equation (2). Suppose that the 
water-soluble electron donor is A~ and the ion to 
be reduced is M*, reactions take place according 
to the following equations (I) and (2): 

A- + p* (positive hole) — A (1) 

M+ + e" (excited electron) — M (2) 

It is possible to induce the reduction reaction of 
metal ions in the solution by light on the basis of 
such semiconductor properties. In that case, the 
reaction efficiency can be increased by using the 
semiconductor in the form of fine particles. Thus, 
the oxidation or reduction action can be promoted 
by suspending the semiconductor as fine particles 



in the order of submicron size in a solution and by 
successive light irradiation. Furthermore, the effi- 
ciency of reduction action can be improved by 
adding an organic compound, for example, an al- 
5 cohol, an aldehyde, glycerine, etc. thereto as an 
electron donor. When the reduction is directed to 
ions of noble metals, and the metals are to be 
recovered by making the valencies zero, or when 
the valencies are adjusted by the reduction reac- 
10 tion, the added organic compound irreversibly un- 
dergoes oxidative decomposition by the positive 
holes and the reoxidation of the desired product 
from the reduction reaction can be suppressed. 
On the other hand, the oxidation reaction pro- 
75 ceeds as follows. In the reaction, an electron ac- 
ceptor is used. The electron acceptor undergoes 
reduction by excited electrons of the semiconduc- 
tor photocatalyst and the reduction of the desired 
product from the oxidation reaction can be sup- 
20 pressed. 

In the present invention, the particulate semi- 
conductor photocataiyst with a noble metal or a 
metal oxide such as platinum or RuOa or the like 
on the surface has a higher activity as a 
25 photocatalyst for the oxidation or reduction reac- 
tion, and thus is more effective, because the sup- 
ported metal acts as a cathode when the excited 
electrons take part in the reduction reaction, and 
thus the overvoitage can be lowered. 
30 The particulate semiconductor photocataiyst for 

use in the present invention, which will be 
hereinafter referred to as "photocatalyst-, is the 
one capable of absorbing a specific electromag- 
netic wave to excite the electrons in the valence 
35 band and form positive holes at the same time, that 
is. the one capable of undergoing photo-polariza- 
tion, for example, Ti0 2 SrTiOa. CdS, CdSe, Si, SiC, 
ZnO, GaP, W0 3 . etc., and the suitable particle size 
is 0.2 to I urn, particularly 0.4 to 0.6 urn. 
40 J The electron donor suitable for use in the 
present invention is the one capable of irrevensibly 
undergoing oxidation by the positive holes formed 
by the photo excitation of the photocatalyst to 
supply electrons, and includes organic acids such 
45 as formic acid, acetic acid, etc., and amino acids 
besides those mentioned above. 

The electron acceptor suitable for use in the 
present invention is the one capable of irrevensibly 
undergoing reduction by the electrons formed by 
so the photo excitation of the photocatalyst that is, 
capable of receiving the electrons, such as a sup- 
ply source for Ag + , Pd 2 *. Co(NH 3 ) 5 ** etc.. for 
example AgCI, AgN0 3 , PdCfe cobalt amine com- 
plexes, etc. 

55 The dissolved substance herein referred to is 

an ion or a complex whose oxidation potential or 
reduction potential is between the energy level of 
the conduction band and the energy level of the 



# 



5 BP 0 233 498 B1 6 



valence band of a photocatalyst to be used, and 
includes, for example, anions, cations, organic 
complexes, inorganic complexes, etc. 

In the present invention, the photocatalyst can 
have a higher photocatalytic action by allowing the 
photocatalyst to support a noble metal on the sur- 
face. The noble metal for this purpose includes 
noble metals and noble metal compounds such as 
platinum, palladium, ruthenium dioxide, etc. 

The electromagnetic wave herein referred to is 
the one which has an energy level higher than the 
band gap energy level of a photocatalyst and can 
excite the photocatalyst. for example, visible light, 
ultraviolet light near infrared light, etc. 

The present inventors have experimentally 
found that the wavelength of the electromagnetic 
wave to be irradiated onto the photocatalyst has an 
influence upon the oxidation or reduction efficiency 
of dissolved substance, and the following two fac- 
tors are involved. The present invention has been 
established by combining these two factors to im- 
prove the efficiency. 

Description will be made of the first factor. The 
present inventors conducted tests of photoreduc- 
tion of metal ions such as Ru Ions, Pd Ions, etc. in 
a nitric add solution by a photocatalyst, and have 
found that nitrous acid HNO2 or nitrite Ions N02~ 
formed by the light irradiation inhibits the desired 
reduction reaction of metaJ Ions. Results of light 
irradiation of a 3 N nitric acid solution containing I 
mmole/l of Ru ions, admixed with a photocatalyst 
and 20% by volume of ethanol as an electron 
donor are shown in Fig. 2 as one example. It is 
seen from Fig. 2 that nitrous acid is accumulated in 
the solution, as given by curve 17, with the light 
irradiation, and the reduction reaction of Ru ions 
proceeds less, as shown by curve 16. As a result of 
further study, it has been found that the following 
.inhibiting reaction by nitrous acid is the main 
cause: 

M* + HN0 2 + H* — M 2 * + NO + H 2 0 (3) 

wherein M* and M 2 * represent metal ions such as 
Ru 2 *. Pu 3> . U**. Np 4 *. etc. 

The reaction (3) means such a reverse reaction 
that the reduction product of a metal ion is reox- 
idized, which is a cause for lowering the efficiency 
of the desired reduction. The reaction scheme can 
be given as in Fig. 3. When a photocatalyst 8 is 
irradiated with an exciting light 4 In Fig. 3 f a metal 
ion 20 is reduced to another metal ion 23 by the 
excited electron according to the equation (2). 
whereas an electron donor 18 is oxidized to an 
oxidation product 19 according" to the equation (I). 
These are basic reactions. If there is an electron 
acceptor 21 acting as an oxidizing agent in the 
system, there occurs such a reverse reaction that 



the metal Ion 23 Is oxidized. For example, nitrous 
acid (n the nitric acid solution corresponds to the 
electron acceptor. 

Another inhibition by nitrous acid occurs when 
5 Ru ions are to be reduced. Ru ions are changed 
into nitrosyl complex or nitro complex that are hard 
to reduce. 

2Ru 3 * + 3HN0 2 - 2RuN0 3 + + HNO3 + 
to H 2 0 (4) 

The NO formed according to the equation (3) is 
formed into nitrous acid again according to the 
following equation (5): 

75 

2NO + HNOs + H 2 0 - 3HNO2 (5) 

That is, the reverse reaction of equation (I) 
autocatalyticalty occurs so long as there is nitrous 

20 acid in the system. Thus, it is necessary to provide 
conditions for forming no nitrous acid in the system 
to improve the efficiency of desired reaction. As a 
result of further extensive studies on the conditions 
for forming nitrous acid by photoreduction of metal 

25 ions with a photocatalyst, the present inventors 
have found that the photolysis of nitric acid is a 
cause for forming nitrous acid according to the 
following equation: # 

30 NOa~ + h* — N0 2 ~ + . O (6) 

As Is obvious from the absorption spectrum 24 
of nitric acid shown in Fig. 4, the reaction occurs 
below the exciting wavelength of 330 nm, and 
35 nitrous acid is formed with a quantum yield of 
about 0.1. 

In the foregoing studies of photoreduction of 
various species of metal ions in a solution with a 
photocatalyst it has been found that the 

40 photoreduction of ions such as metal ions or other 
dissolved substances can be earned out very effi- 
ciently by using an exciting light whose wavelength 
particularly covers the exciting wavelength of the 
photocatalyst to be used and excludes the absorp- 

45 tion wavelength region of ions or dissolved sub- 
stances byproducing oxldlzable substances. More 
specifically in case of photoreductive recovery of 
noble metal ions in an aqueous nitric acid solution 
with titanium dioxide as a photocatalyst, the reduc- 

50 tive recovery can be efficiently earned out by using 
an exciting light whose wavelength can satisfy the 
exciting wavelength of the photocatalyst of not 
more than 400 nm and can exclude the wavelength 
region capable of inducing the reverse reaction, 

55 that Is, the wavelength of capable of forming ni- 
trous acid of less than 330 nm, that is, whose 
wavelength is controlled to 330 to 400 nm. Further- 
more, the efficient reductive recovery can be pro- 
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moted by limiting the liquid temperature to a tem- 
perature region that cannot activate the reaction to 
form nitrous acid, that is. not more than 20 "C. 
preferably, not more than 10 " C. 

Description will be made of the second factor. 
Oxidation or reduction reaction by the semiconduc- 
tor photocatalyst is carried out with the electrons 
excited in the conduction band by the light Num- 
ber of electrons excited In the conduction band Is 
proportional to the quantity of light absorbed by the 
semiconductor photocatalyst. To promote the oxi- 
dation or reduction reaction, it is necessary that the 
excited light is much more absorbed. Generally, 
the absorption cross-sectional area based on the 
excitation from the valence band to the conduction 
band is constant and a bulky material has a value 
specific to the material. Thus, the light absorption 
by a semiconductor photocatalyst is constant de- 
pending upon the species of the photocatalyst. 
However, the light absorption of a photocatalyst 
can be increased by making the photocatalyst into 
a particulate state, and thus the oxidation or reduc- 
tion reaction can be promoted thereby. 

When the particulate substance is irradiated 
with light, the light is scattered. A portion of the 
scattered fight is absorbed by the particles. The 
absorption cross-sectional area of scattered light 
by the particles depends upon the particle size, 
and in the region where the particle size is equal to 
the wavelength of the light, the light scattering 
turns into a resonance scattering. That is. the light 
scattering cross-sectional area and the absorption 
cross-sectional area can be increased resonantly. 

In Fig. 5, dependency of the absorption con- 
stant of suspended sample upon the particle size, 
as measured by photoacoustic spectroscopy 
(PAS), is shown, and it is seen therefrom that the 
absorption constant becomes a maximum at the 
particle size of 0.5 urn which is equal to the 
exciting light wavelength, 0.5 um (488 nm) of PAS. 
That is, the light absorption of a photocatalyst can 
be drastically increased by using photocatalyst par- 
ticles whose particle size is substantially equal to 
the exciting light wavelength, and consequently the 
oxidation or reduction reaction can be promoted. 

As already described above, the absorption 
cross-sectional area can be increased resonantly 
when the light wavelength and the particle size are 
substantially equal to each other, and consequently 
the catalytic activity can be considerably increased 
thereby. The light scattered by particles also irra- 
diate other particles, and the substantial irradiation 
amount of light onto the particles is increased by 
repetitions of the scattering and irradiation steps. 
Consequently the light absorption can be effec- 
tively increased. That is, the secondary effect of 
increasing the light scattering and the consequent 
light absorption by making the particle size and the 



light wavelength substantially equal to each other 
can contribute to the promotion of oxidation or 
reduction reaction by the photocatalyst 

The limitation of the wavelength of the exciting 

5 light herein referred to can be carried out by using 
a laser beam having an emission wavelength in the 
relevant wavelength region, for example, a nitrogen 
gas laser or an excimer laser such as XeF laser, 
etc.. or the third harmonic wave of YAQ laser as a 

io light source, or by passing a light of wide spectral 
region from, for example, a high pressure mercury 
lamp or a xenon lamp or a solar beam through a 
glass filter capable of cutting off the other 
wavelength region than the relevant wavelength 

is region. 

In the present invention, the valency of sub- 
stances or ions in a solution can be efficiently 
adjusted or noble metals, heavy metals or transition 
metals present in the form of ions can be efficiently 

20 recovered by using an electromagnetic wave, for 
example, a laser beam. For example. In a re- 
processing plant for the spent nuclear fuel, the 
semiconductor photocatalyst can reduce the noble 
metals in the reprocessing solution, whereby ions 

26 of Ru. etc. can be reduced to zero valencies and 
recovered as metals, and thus removed from the 
reprocessing solution. In other words, cracking of 
solidified glass, piping corrosion, etc. due to the 
volatilization and corrosion action of Ru in the suc- 

30 cessive reprocessing steps can be prevented. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. I shows a schematic structure of a photo- 
35 reduction apparatus according to one embodiment 
of the present invention. 

Fig. 2 is a diagram showing changes in Ru ion 
concentration and nitrous acid concentration ac- 
cording to one embodiment of the present inven- 
ao tion. 

Fig. 3 shows a reaction scheme. 

Fig. 4 is a diagram showing a wavelength re- 
gion of the exciting light according to the present 
invention. 

45 Fig. 5 is a diagram showing the dependency of 
the absorption constant of suspended sample on 
the particle size. 

Fig. 6 is an ordinary block diagram showing a 
spent nuclear fuel reprocessing, and a block dia- 

so gram incorporated with the phtoochemical process 
according to the present invention. 

Fig. 7 shows a schematic structure of a photo- 
chemical apparatus according to one embodiment 
of the present invention. 

55 Fig. 8 is a flow diagram of a process for 

separating U, Pu and Np from one another accord- 
ing to one embodiment of the present invention. 
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PREFERRED EMBODIMENTS OF THE INVEN- 
TION 

Embodlmens of the present invention will be 
described in detail below, referring to the accom- 
panying drawings. 

Example I 

First of all. an embodiment of the present in- 
vention, as applied to photoreductive recovery of 
noble metal elements, for example. Ru. Pd and Rh. 
from reprocessing, radioactive spent solutions of 
high to intermediate level, i.e. aqueous nitric acid 
solutions containing various fission product ion spe- 
cies, will be described, referring to Figs. I and 2. 

In Fig. I, the structure of an apparatus for 
reducing metal ions or metal complexes according 
to one embodiment of the present invention is 
shown. Exciting light 4 emitted from a light source I 
is passed through a glass filter 2, and the fight path 
is deflected by a reflecting mirror 3 to irradiate a 
solution 7 to be treated in a reaction vessel 5. The 
solution ~7 contains fine particles 8 "of a 
photocatalyst, which are uniformly distributed in the 
solution 7 by a stirrer II. The reaction vessel 5 is 
controlled to an optimum temperature by a water 
jacket 6 and a temperature-controlling means 10. 
The treated solution 7 after the reaction is trans- 
ferred through a spent solution line 12 in the arrow 
direction by a pump 9\ and the used catalyst and 
recovered metals are separated from the treated 
solution in a photocatalyst recovery means 14. The 
recovered photocatalyst Is transferred through a 
recycle line 13 in the arrow direction, whereas the 
spent solution is transferred to the successive step 
through a piping 15. 

Results of the embodiment will be described 
below. An aqueous 3N nitric acid solution contain- 
ing 0.1 g/t Ru was used as a solution to be treated 
(a simulated spent solution), and HO2 powder hav- 
ing platinum on the surface and ethanol as a water- 
soluble electron donor for preventing the reverse 
reaction were added thereto. A light from a Xe 
lamp was allowed to irradiate the solution. The 
progress of Ru ion reduction reaction was observed 
through changes in the absorption spectrum (453 
nm) by an absorptiometer. The output of the Xe 
lamp used was 2 kW. but the actually available 
light intensity in the spent solution was about 200 
mW. The Ti02 used had a particle size distribution 
of 0.5 ±0J2 um which was substantially included in 
the wavelength region of the light from the Xe 
lamp. 

Changes in the Ru ion concentration by 
photoreduction with time is shown in Fig. 2, where 
the full line 16 shows a case of direct irradiation of 
the light from the Xe lamp, and the dotted fine 28 



shows a case of irradiation of the light from the Xe 
lamp after the elimination of the lights with 
wavelengths of less than 330 nm through an ul- 
traviolet cut filter to prevent formation of nitrous 
5 acid as a reaction-inhibiting substance. After the 
test, the treated solution was filtered through a 
millipore filter with pore size of 0.22 um and sub- 
jected to fluorescent X-ray analysis for solid mat- 
ters. Metallic Ru was detected in the T1O2 particles. 

10 and it was found that the reduced Ru ions were 
deposited by reduction. Reductive deposition of Ru 
ions was possible even by the light directly from 
the Xe lamp, but the reduction efficiency was about 
20% increased by cutting off the lights with the 

is wavelengths of less than 330 nm. 

The reduction efficiency could be drastically 
increased by using a nitrogen laser (330 nm), a 
XeF (xenon-fluorine) laser (351 nm) or a third har- 
monic wave (355 nm) of YAG (ythrium-aluminum- 

20 garnet) laser as a light source which met the excit- 
ing wavelength (not more than 420 nm) and had a 
wavelength not corresponding to the wavelength 
region capable of causing to form nitrous acid and 
by using T1O2 with particle sizes equal or near to 

25 the wavelengths of these lasers as a photocatalyst 
For example, with the XeF laser, the reduction 
efficiency was 10° - I0 1 times increased. Among the 
photocatalyts, T1O2 with no platinum had a low 
catalytic activity, whereas a sufficient activity was 

30 obtained with Ti02 having at least 0.1% by weight 
of platinum. Furthermore, the Ru ion reduction rate 
depended upon the amount of an organic com- 
pound added. In this embodiment it was preferable 
to add at least 15% by volume of ethanol thereto to 

os efficiently carry out the reaction. Similar effects 
were obtained with methanol, formaldehyde or 
hydrazine as the organic compound to be added. 

An embodiment of reductive recovery of Ru in 
a reprocessing plant for the spent nuclear fuel will 

40 be described in detail below, referring to Figs. 6 
and 7. 

In Fig. 6, a block diagram of a process for 
reprocessing a spent nuclear fuel is shown, where 
useful uranium and plutonium are separated and 

45 recovered from a spent nuclear fuel by reproces- 
sing and used for the preparation of a fresh nuclear 
fuel. The reprocessing process now in practice is 
based mainly on a wet process called "Purex pro- 
cess". According to the Purex process, the spent 

so nuclear fuel is at first sheared to a length of a few 
cm together with the cladding in a shearing step 29 
and the sheared pieces of nuclear fuel are dls^ 
solved in a nitric acid solution in a dissolution step 
30, where the cladding, volatile nuclear fission pro- 

55 ducts (rare gases and iodine) and a portion of 
ruthenium of complicated behavior are removed 
from the nitric acid solution. In the solution there 
still remain undissolved nuclear fission products in 
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fine particulate state, which must be removed be* 
fore the successive reprocessing steps. For the 
removal, a pulse fitter or a centrifugal cfarifier is 
used in a clarification step 31 to remove the insolu- 
ble residues. In a successive co-decontamination 
step 32, uranium and plutonium, and 99% or more 
of the nuclear fission products are separated from 
one another by solvent extraction using a tributyl 
phosphate (TBP) solvent Uranium and plutonium 
are transferred into the organic solvent (tributyl 
phosphate solution) and isolated from each other in 
a successive distribution step 36, purified in pu- 
rification steps 39 and 40, and stored. 

Most of the~hucleaT fission products removed 
in the co-decontamination step 32 are passed 
through a concentration step 33, "and a storage 
step 34 to a glass solidffication"step 35 after the 
volume reduction and cooling. In the glass solidi- 
fication step 35, the fission products are stably 
solidified for preservation for a long period of time. 
The nitric acid solution containing a large amount 
of the nuclear fission products after the co-de- 
contamination is called a high level waste solution 
(HLW), and in the concentration step of the high 
level waste solution and the glass solidification step 
the behavior of Ru is a particularly important prob- 
lem. Ru can takes various oxidation states from 
zero-valent to octavalent. The most stable oxidation 
state in the solution is a divalent or trivaient state, 
but Ru can take a zero-valent (Ru metal), tetrava- 
lent, hexavalent, octavaient or other oxidation state, 
depending upon solution conditions (temperature, 
nitric acid concentration, impurities, etc.). In the 
concentration step 33 and the glass solidification 
step 35, a high temperature and a relatively high 
nitric acid concentration dominate, and thus Ru is 
liable to take a hexavalent or octavaient state. Par- 
ticularly, octavalent Ru, that is, RuO*, is a volatile, 
strong oxidizing agent and can corrode materials of 
construction of a concentrator, etc. in both gaseous 
and liquid phases as the main cause for shortening 
the life of the apparatus. However, no steps have 
been taken yet for Ru in the concentration and 
glass solidification apparatuses. 

The present invention provides a Ru recovery 
step 41 before the concentration step 33 for the 
high level waste solution to prevent Rulrbm inva- 
sion into the concentration .step 33 and the glass 
solidification step 35. In the present invention as 
applied to the Ru "recovery from the reprocessing 
high level waste solution, a catalyst consumption is 
only 20 g per hour with an ultraviolet laser of 10 W 
light power output at the reduction rate as obtained 
in the present embodiment on an assumption that 
Ru generation is 5 kg/day (= 200 g/hour). When 
the photocatalyst is recovered for the recycle, theo- 
retically 20 g is permanently enough for the reac- 
tion, but actually the photocatalyst is deteriorated 



or lost owing to the continued use and thus a little 
excess amount of the photocatalyst is required. As 
an organic compound acting as a water-soluble 
electron donor, a large amount of formaldehyde is 
s used for the denization, and thus no addition of 
fresh water-soluble electron dondr is required. 
These are important advantages in carrying out the 
present invention. 

In the present embodiment Ru can be removed 
io before the concentration step and the glass solidi- 
fication step, and thus Ru evaporation, clogging of 
piping and corrosion of materials of construction 
can be prevented In both steps. That is. the solidi- 
fied glass with a thoroughly high strength can be 
rs obtained in the glass solidification step 35. 

In the Ru recovery step 41, a photoreduction 
apparatus specifically shown in~Fig. 7 is used. The 
photoreduction apparatus comprises a rotatabie 
vessel 44, a motor 45, a shaft 46, a clarified solu- 
20 tion withdrawal line ~47, a drainage line 48, and a 
filter washing line 52. The apparatus Is" further 
provided with a light source I, an optical fiber 50, a 
process solution inlet line 51 and a photocatalyst 
recovery-recharge line 49. A~HCHO change and a 
25 CO2 gas vent line are omitted from the drawing. 

At first, a process solution containing noble 
metal ions such as Ru ions, etc. is charged into the 
rotatabie vessel 44. Then, a photocatalyst is put 
into the rotatabie "vessel 44 and light is allowed to 
30 irradiate the solution through the optical fiber 50. 
The rotatabie vessel 44 is gently rotated until the 
photochemical reaction has been completed, there- 
by stirring the solution. After the end of the reac- 
tion, the rotatabie vessel is rotated at a higher 
35 speed, and the treated solution is withdrawn 
through the clarified solution withdrawal line 47 and 
led to the successive step. The photocatalyst de- 
posited on the filter surface is washed with washing 
water from the filter washing line 52 and withdrawn 
40 through the drainage line 48. The photocatalyst is 
recharged to the rotating vessel 44 through the 
photocatalyst recovery-recharge lihe 49 and 
reutilized. The foregoing operations are rep~eated to 
conduct semi-continuous run. The light source I is 
45 preferably a laser light source, and a XeF laser with 
an emission wavelength of 350 nm and a high light 
power output or a third harmonic wave of YAG 
laser with an emission wavelength of 355 nm is 
most preferable. In this case, the maximum cata- 
50 lytic activity can be obtained with a photocatalyst 
having particle sizes of about 0.35 urn. The solu- 
tion temperature is controlled to 20 *C or less, 
preferably, to 10 *C or less, by a temperature con- 
trol line 53. 

55 The present embodiment is applicable to Ru 
recovery from an intermediate level waste solution 
after the distribution step 36 and the solvent regen- 
eration step 37, and problems of corrosion, etc. by 
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Ru In the waste solution treatment step 38 can be 
solved by providing a Ru recovery step 42. 

Recovery of other noble metals such as Rh, 
Pd, etc. from the high level waste solution can be 
carried out in the same manner as in case of Ru 
recovery. 

In the present embodiment, a filter having a 
pore size of preferably 0.22 am or less, or a 
centrifuge is used to recover noble metals such as 
Ru, Pd, Rh, etc., as deposited by reduction or the 
used photocatalyst The noble metals and the 
photocatalyst recovered through the foregoing op- 
erations are dissolved in an acid such as hydro- 
chloric acid, etc., whereby the noble metals depos- 
ited on the photocatalyst are removed from the 
photocatalyst through the dissolution in the acid. 
The photocatalyst is then recovered by repeating 
the said separating operations and reutilized. These 
noble metals are very useful in the industrial field 
of semiconductor parts, catalysts, etc. These noble 
metals including Ru as recovered are subjected to 
separation of isomers or can be reutilized after the 
decay of radioactivity. These noble metals have a 
good electroconductivity like Pt and can act as an 
electrode on the photocatalyst Thus, the 
photocatalyst can be reused without 100% removal 
of these noble metals therefrom by the dissolution 
in the acid. 

Example 2 

This embodiment of the present invention is an 
application of the present invention to separation 
and recovery of Pu in the main process for re- 
processing a spent nuclear fuel. That is, the con- 
ventional reduction of Pu 44, to Pu 3 * by U 4 * in the 
reprocessing process based on the Purex process 
can be replaced with direct reduction of Pu** to 
Pu 3 * by a photocatalyst according to the present 
invention. 

In the reprocessing process shown in Fig. 6, 
valencies are adjusted in the co-decontamination 
step 32, for example, from U 4 * to UO2 2 * and fron 
Pu 3 * to Pu 4 * to transfer the nuclear fission pro- 
ducts into the aqueous phase and U and Pu as the 
nuclear fuel components into an organic phase and 
separate the nuclear fission products from the nu- 
clear fuel components. After the co-decontamina- 
tion step 32, U is separated from Pu in the distribu- 
tion step 36, where, in order to transfer U into an 
organic phase and Pu into an aqueous phase, it is 
necessary to adjust the valency of Pu. i.e. reduce 
Pu 4 *, which is more liable to be transferred into the 
organic phase, to Pu 3 *, which is more liable to be 
transferred into the aqueous phase. In the present 
embodiment Pu 4 * is directly reduced to Pu 3 * by 
using a photocatalyst in the distribution step 36, 
whereby the U/Pu distribution can be simply and 



efficiently carried out 

Even in this step, the reduction product Pu 3 * is 
oxidized by nitrous acid according to the following 
reaction. 

5 

Pu 3 * + HNO2 + 2H* -* Pu 4 * + NO + H 2 0 
(7) 

Thus, the reverse reaction of equation (7) can 

;o be suppressed by controlling the exciting 
wavelength to 330 - 400 nm according to the 
present invention, and thus the valency adjustment 
by photoreduction can be carried out efficiently. 
In the present embodiment, it is preferable to 

15 use a reaction apparatus shown in Fig. 7, but the 
reaction apparatus shown in Fig. I can be also 
used. A most suitable photocatalyst is Ti02 or SiC. 
which has a noble metal such as platinum, etc. on 
the surface. A preferable light source is a laser 

20 light source, and a XeF laser with an emission 
wavelength of 350 nm and a high light power 
output or a third harmonic wave of YAQ laser with 
an emission wavelength of 355 nm is most prefer- 
able. In this case, the maximum catalytic activity 

25 can be obtained with a photocatalyst having par- 
ticle sizes of about 0.35 urn. The solution tempera- 
ture is controlled to 20* C or less, preferably, to 
I0°C or less, by a temperature control line 53, 
whereby the reaction efficiency can be improved. 

30 As an electron donor, formaldehyde (HCHO), 
methanol, hydrazine, etc. can be used. 

As described above. Pu 4 * can be directly re- 
duced to Pu 3 * by photochemical reaction using a 
photocatalyst, and problems of apparatus corrosion 

35 and complication of the process as encountered in 
the conventional process can be solved, and the 
present Invention Is also applicable to the reproces- 
sing of a nuclear fuel containing much Pu such as 
a nuclear fuel from fast breader reactors. 

40 

Example 3 

This embodiment of the present invention is to 
use uranous ions. i.e. U 4 * as a reducing agent in 

45 the reduction of Pu in place of the direct reduction 
of Example 2. That is, the present invention is used 
in a process for producing uranous ions in the 
present embodiment Specifically, in the reproces- 
sing process shown in Fig. 6. a portion of uranyl 

50 ions U02 2+ purified in the distribution step 36 is 
recycled and reduced to uranous ions~~by 
photoreduction in a photoreduction step 43 and 
used as a reducing agent for Pu 4 *. The present 
invention can be carried out by providing a simple 

55 apparatus shown, for example, in Fig. I or Fig. 7 
without changing the main steps of the reproces- 
sing process. 

in the present invention, light irradiation is car- 
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ried out in the presence of a photocatalyst and an 
electron donor with an exciting wavelength con- 
trolled to 330 - 340 nm to suppress the following 
oxidation reaction of uranous ions by nitrous acid 
which lowers the reduction efficiency. 5 

U 4 + + HNO2 - UO2 2 * + 2NO + 2H* (8) 

m When the solution temperature is controlled to 
20 # C or less by a temperature control means 10 
shown in Fig. I or Fig. 7 in this case, the formation 
of nitrous acid can be more effectively prevented. 
A most suitable photocatalyst is T1O2 or SiC. which 
has a noble metal such as platinum, etc. on the 
surface. A preferable light source is a laser light 15 
source, and a XeF laser with an emission 
wavelength of 350 nm and a high light power 
output or a third harmonic wave of YAG laser with 
an emission wavelength of 355 nm is most prefer- 
able. In this case, the maximum catalytic activity 20 
can be obtained with a photocatalyst having par- 
ticle sizes of about 0.35 urn. As an electron donor, 
ethanol, formaldehyde and hydrazine are prefer- 
able, and unreacted electron donors, even if en- 
tered into the main steps, have no process prob- 26 
lems. 

In this embodiment, a portion of uranyl ions 
(UO2 2 *) is recycled to produce uranous ions (U 4+ ) 
as a reducing agent for Pu 4+ by providing a simple 
reaction apparatus shown, for example, in Fig. I or 30 
Fig. 7, without changing the main steps of the 
reprocessing process. 

Example 4 

35 

This embodiment shows an efficient separation 
of U, Pu and Np in the reprocessing-distribution 
step. Np has not been so far regarded as impor- 
tant, because the nuclear fission yield of Np is 
about 1/10 of that of Pu, but Np is an element of 40 
long half-life having a high radioactive level and a 
high chemical toxicity, and thus contamination of U 
and Pu product with Np must be avoided. Thus, 
some measures must be taken against the Np 
mixed into the organic phase in the co-contamina- 45 
tion step by separating Np from U and Pu in the 
distribution step to obtain a high level waste solu- 
tion, or by isolating only Np to subject Np to an 
extinction treatment. Np takes valencies of from 
tetravalent to hexavaient in a nitric acid solution, so 
but only pentavaient Np cannot be extracted into 
the organic phase, that is, TBP. The present em- 
bodiment utilizes this property of Np, as shown in 
Fig. 8. 

A solution containing U, Pu and Np is at first 55 
subjected to reduction in a photoreduction step 54 
for a predetermined time, and then to TBP extra? 
tion, whereby the reduced Pu 3 * and Np<>2+ are 



transferred into the aqueous phase and the re- 
duced Np**, U 4 + and unreduced U0 2 2+ are trans- 
ferred into the organic phase. These operations 
constitute a first cycle. The photoreduction step 54 
is carried out in an apparatus shown in Fig. I or Fig? 
7 in the presence of T1O2 or SiC that has a noble 
metal such as platinum, etc. on the surface as a 
photocatalyst and ethanol, formaldehyde or the like 
as an electron donor. Formation of nitrous acid is 
suppressed by using an exciting light with a 
wavelength controlled to 330 - 400 nm at a solution 
temperature controlled to 20 *C or less, preferably 
to 10 "C or less in the same manner as in the 
foregoing Examples. 

A second cycle comprises reduction of Np0 2 + 
to Np 4 * among the Pu 3 + and Np02 + transferred 
into the aqueous phase in a photoreduction step 54 
and a successive TBP extraction, whereby Pu 3 *ls 
transferred into the aqueous phase and Np 4+ is 
transferred into the organic phase to complete the 
separation of Pu from Np. Among the U0 2 2 * and 
Np 4+ transferred into the organic phase in the first 
cycle, it is necessary to oxidize Np 4+ to Np(>2*. 
The oxidation reaction can be carried out by add- 
ing an oxidizing agent such as a nitrite to the 
system from the outside or with nitrous acid 
formed within the system. In an oxidation step 55, 
a nitrite is added to the system or a NOx gasls 
injected into the system in case of the former, and 
nitrous acid is formed by irradiating light with a 
wavelength of less than 330 nm at a solution tem- 
perature higher than 30" C to activate the reaction 
to form nitrous acid through photolysis of nitric 
acid. In this case, it is not necessary to add a 
photocatalyst to the system. Then, Np0 2 + is trans- 
ferred into the aqueous phase and UO2 2 * trans- 
ferred into the organic phase by TBP extraction to 
complete the separation of U from Np. 

A most suitable photocatalyst for use in the 
present embodiment is T1O2 or SiC which has a 
noble metal such as platinum, etc. on the surface. 
A preferable light source is a laser light source, 
and a XeF laser with an emission wavelength of 
350 nm and a high light power output or a third 
harmonic wave of YAG laser with an emission 
wavelength of 355 nm is most preferable. In this 
case, a maximum catalytic activity can be obtained 
with a photocatalyst with particle sizes of about 
0.35 urn. When W0 3 is used as a photocatalyst a 
most preferable particle size is 0.45 urn and a 
most preferable light source is a dye laser pumped 
with a YAG laser or a copper vapor laser. A suit- 
able electron donor is ethanol, formaldehyde or 
hydrazine. 

According to the present invention, the follow- 
ing effects can be obtained. 

(1) Noble metal ions or complexes can be con- 
verted to simple metals, or to ions or com- 
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pounds having other valencies. 
(2) Simple noble metals. Ions, complexes or 
other compounds can be separated and recov- 
ered, or removed by utilizing the effects and 
function of the present invention as described 
above. 

Claims 

1. A process of photoelectrocatalytically reducing 
noble metals in a nitric acid solution when 
reprocessing spent radioactive solutions with a 
semiconductor photocatalyst under irradiation 
of the semiconductor photocatalyst with elec- 
tromagnetic radiation, characterized by using a 
particulate semiconductor photocatalyst as the 
semiconductor photocatalyst and irradiating the 
particulate semiconductor photocatalyst in the 
nitric acid solution with electromagnetic radi- 
ation having an energy high enough to excite 
the paniculate semiconductor photocatalyst in 
the presence of the particulate semiconductor 
photocatalyst and a water-soluble electron ac- 
ceptor or donor for the particulate semiconduc- 
tor photocatalyst 

2. A process according to claim 1, wherein the 
particulate semiconductor photocatalyst sup- 
ports a platinum group element on the surface. 

3. A process according to claim 1 or 2, wherein 
said electromagnetic radiation has a 
wavelength outside the absorption wavelength 
region of a substance capable of producing 
nitrous ion. 

4. A process according to claim 1, 2 or 3, 
wherein said electromagnetic radiation has a 
wavelength substantially equal to the particle 
size of the particulate semiconductor 
photocatalyst. 

5. A process according to anyone of claims 1 to 
4, wherein a laser beam is used to provide 
said electromagnetic radiation. 

6. A process according to claim 5, wherein the 
solution is a waste solution resulting from dis- 
solution of spent nuclear fuel in nitric acid in a 
nuclear fuel reprocessing step and containing 
Ru and being substantially separated and freed 
from nuclear fuel components. 

7. A process according to claim 6, wherein the 
waste solution is used after the dissolution in 
nitric acid and before a concentration. 

6. Apparatus for performing the process accord- 



ing to anyone of claims 1 to 7, comprising a 
light source (1), a glass filter (2) and a reflect- 
ing mirror (3) for the light (4) emitted from the 
light source (1); a reaction vessel containing a 

5 spent nuclear fuel solution (7) to be treated, 

said solution containing fine particles (8) of a 
photocatalyst, which vessel is provided with a 
stirrer (1 1 ) and a water jacket (6) connected to 
a temperature-controlling means (10) through a 

w pump (9). a spent solution line (12) connecting 

the vessel to a photocatalyst recovery means 
(14) through a pump (9), and a recycle line 
(13) connecting the recovery means (14) to the 
vessel, wherein said reaction vessel is a rotary 

is vessel (44) which enables easy separation of 

the photocatalyst particles (8) after the 
photocatalytic reaction by increasing the speed 
of rotation of said vessel (44). 

20 Revendlcatlons 

1. Procdde de reduction photoelectrocatalytique 
de melaux precieux dans une solution d'acide 
nitrique lors du retraitement de solutions ra- 

25 dioactives us£es avec un photocataJyseur se- 

miconducteur, moyennant rirradiation du pho- 
tocatalyseur semiconducteur avec un rayonne- 
ment electromagnetique, caracterise par I'utili- 
sation d'un photocataJyseur semiconducteur 

30 particulate en tant que photocataJyseur semi- 

conducteur et irradiation du photocatalyseur 
semiconducteur particulaire dans la solution 
d'acide nitrique avec un rayonnement Electro- 
magnetique poss£dant une gnergie suffisam- 

as ment elev€e pour exciter le photocatalyseur 

semiconducteur particulaire en presence de ce 
photocataJyseur et d'un accepteur ou d'un 
donneur d'dtectrons, soluble dans I'eau, pour 
le photocatalyseur semiconducteur particulaire. 

40 

2. Procdde* selon la revendication 1, selon lequel 
le photocatalyseur semiconducteur particulaire 
supporte, a sa surface, un element du groupe 
du platine. 

45 

3. Procgde* selon la revendication 1 ou 2, selon 
lequel ledit rayonnement Slectromagngtique 
possede une longueur d'onde situee en dehors 
de la gamme des longueurs d'onde d'absorp- 

so tion d'une substance apte a produire un ion 

nitreux. 

4. Proce*de* selon la revendication 1, 2 ou 3, selon 
lequel ledit rayonnement electromagnetique 

55 possede une longueur d'onde sensiblement 

egale a la taille des particules du photocataly- 
seur semiconducteur particulaire. 
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5. Proc6d6 selon Tune quelconque des revendi- 
cations 1 a 4, selon lequel on utilise un fais- 
ceau laser pour produire ledit rayonnement 
eiectromagnetique. 

5 

6. Procede* selon la revendi cation 5, selon lequel 
la solution est une solution rSsiduaire resultant 
de la dissolution de combustible nucieaire use 
dans i'acide nitrique lors d'une etape de retrai- 
tement de combustible nucieaire et contenant io 
du Ru et sensiblement separde et liberee de 
composants du combustible nucieaire. 

7. Procede* selon la revendication 6, selon lequel 

on utilise la solution nSsiduaire apres la disso- is 
lution dans I'acide nitrique et avant une 
concentration. 

8. Dlspositif pour mettre en oeuvre le precede 
selon Tune quelconque des revendication s la 20 
7, comprenant une source de lumiere (1), un 
filtre en verre (2) et un miroir reflecteur (3) 
pour la lumiere (4) dmise par la source de 
lumiere (1); une enceinte a reaction contenant 

une solution (7) d'un combustible nucieaire 2s 
use. devant etre traitSe. ladite solution conte- 
nant de fines particules (8) d'un photocataly- 
seur. I'encelnte etant equipee d'un agitateur 
(11) et d'une chemise d'eau (6) raccorde*e par 
une pompe (9) a des moyens (10) de com- 30 
mande de la temperature, une canalisation (12) 
pour la solution usee, qui raccorde Tenceinte 
au moyen d'une pompe (9') a des moyens 
(14) de recuperation du photocatalyseur, et 
une canalisation de recyclage (13) raccordant 35 
les moyens de recuperation (14) a I'enceinte, 
ladite enceinte h reaction etant une enceinte 
rotative (44) qui permet une separation aisee 
des particules (8) du photocatalyseur apres la 
reaction photocatalytique, par accroissement 40 
de la vitesse de rotation de ladite enceinte 
(44). 

PatentansprUche 

45 

1. Verfahren zur photoelektrokatalytischen Reduk- 
tion von Edelmetallen in einer saipetersauren 
Losung beim Aufarbeiten verbrauchter radioak- 
tiver LcJsungen mit einem Halbleiterphotokata- 
lysator unter Bestrahlung des Halbleiterphoto- so 
katalysators mit elektromagnetischer Strahlung, 
gekennzeichnet durch 

Verwendung eines teilchenformigen Halbleiter- 
photokatalysators als des Halbleiterphotokata- 
lysators und Bestrahlung des teilchenformigen 55 
Halblerterphotokataiysators in der saipetersau- 
ren Lb* sung mit elektromagnetischer Strahlung, 
die eine genOgend hohe Energie hat, urn den 

11 



teilchenformigen Halbleiterphotokatalysator an- 
zuregen, in der Gegenwart des teilchenfdrmi- 
gen Halbleiterphotokatalysators und wasserlos- 
lichen Elektronenakzeptors oder -donators fUr 
den teilchenfdrmigen Halbleiterphotokatalysa- 
tor. 

2. Verfahren nach Anspruch 1 , 

wobei der teilchenfdrmige Halbleiterphotokata- 
lysator ein Platingruppenelement auf der Ober- 
fiache trSgt 

3. Verfahren nach Anspruch 1 oder 2, 

wobei die elektromagnetische Strahlung eine 
WellenlSnge auflerhalb des Absorptionswellen- 
ISngenbereichs eines zur Salpetrigionerzeu- 
gung geeigneten Stoffes hat 

4. Verfahren nach Anspruch 1 , 2 oder 3, 

wobei die elektromagnetische Strahlung eine 
der Teilchengrofle des teilchenformigen Halb- 
leiterphotokatalysators im wesentlichen gleiche 
WellenlSnge hat 

5. Verfahren nach irgendeinem der Anspruche 1 
bis 4, wobei ein Laserstrahl zum Vorsehen der 
elektromagnetischen Strahlung verwendet wird. 

6. Verfahren nach Anspruch 5, 

wobei die Ldsung eine Abfalldsung ist. die 
vom Auf lo* sen verbrauchten Kernbrennstoffs in 
SaJpetersaure in einem Kernbrennstoff-Aufar- 
beitungsschritt stammt und Ru enthSIt und von 
Kernbrennstoffbestandteilen im wesentlichen 
getrennt und befreit wird. 

7. Verfahren nach Anspruch 6. 

wobei die Abfalldsung nach der Auflosung in 
SaipetersSure und vor einer Konzentration ver- 
- wendet wird. 

8. Vorrichtung zur DurchfUhrung des Verfahrens 
nach irgendeinem der AnsprfJche 1 bis 7, die 
eine Lichtquelle (1). ein Glasfilter (2), einen 
reflektierenden Spiegel (3) fUr das von der 
Lichtquelle (1) abgestrahlte Licht (4); ein Reak- 
tionsbecken (5), das eine zu behandelnde ver- 
brauchte Kern brennstoff losung (7) enthalt, die 
feine Teilchen (8) eines Photokatalysators ent- 
ha*lt, welches Becken mit einem Ruhrer (11) 
und einem durch eine Pumpe (9) mit einem 
Temperatursteuerungsmittel (10) verbunden 
ist eine Veifcrauchtlflsungsleitung (12), die das 
Becken durch eine Pumpe (9') mit einem Pho- 
tokatalysatorrGckgewinnungsmittel (14) verbin- 
det; und eine ROckfOhrleitung (13) aufweist, die 
das RQckgewinnungsmittel (14) mit dem Bek- 
ken verbindet 
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wobei das Reaktionsbecken ein drehbares 
Becken (44) 1st das eine leichte Trennung dor 
Phgtokatalysatorteilchen (8) nach der photoka- 
taiytischen Reaktion durch ErhShen der Dreh- 
zahl des Beckens (44) ermoglicht s 
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